The household is a potential source of opportunistic pathogens to humans, a particularly critical issue for immunodeficient individuals. An important human-microbe interface is the biofilm that develops on showerhead surfaces. Once microbe-laden biofilms become aerosolized, they can potentially be inhaled into the lungs. Understanding how quickly a new showerhead becomes colonized would provide useful information to minimize exposure to potentially pathogenic environmental microbes. High school scientists sampled the inner surfaces of pre-existing and newly fitted showerheads monthly over a nine-month period and applied standard microbiologic culture techniques to qualitatively assess microbial growth. Water chemistry was also monitored using commercial test strips. Sampling was performed in households on Oahu, Hawai'i and Denver, Colorado, representing warm/humid and cold/arid environments, respectively. Pre-existing showerheads in Hawai'i showed more diverse microbial growth and significantly greater microbial numbers than a comparable showerhead from Colorado. New, chrome-plated or plastic showerheads in Hawai'i showed diverse and abundant growth one month after installment compared to new showerheads from Colorado. The pH, total chlorine and water hardness levels varied significantly between the Hawai'i and Colorado samples. Enthusiastic student and teacher participation allowed us to answer long-standing questions regarding the temporal colonization of microbial biofilms on pre-existing and new showerhead surfaces.
INTRODUCTION
Households are potential point sources of exposure to environmental microbes (Fritz et al. 2014; Sugimoto et al. 2014; Zelner et al. 2014 ) known as 'opportunistic premise plumbing pathogens' (OPPP) (Falkinham 2015) . Diseases caused by OPPP are an economic health burden, costing nearly half a billion dollars each year (Falkinham 2015) . OPPP adapt to grow in household water systems and include Gram-negative Legionella pnuemophila and Pseudomonas aeruginosa as well as acid-fast nontuberculous mycobacteria (NTM). Legionella pneumophila is transmitted through aerosols from humidifiers or cooling towers causing potentially life-threatening pneumonia (Falkinham 2015) . Pseudomonas aeruginosa is a leading cause of nosocomial wound infections in burn patients and can cause lung disease in individuals with cystic fibrosis (Falkinham 2015) . NTM are emerging infections of growing public health significance. Since the predominant site of NTM infections is the lungs, inhalation and aspiration of NTM-laden aerosols are considered important modes of acquisition (Thomson et al. 2013) .
Nearly 70% of biofilms from showerheads sampled across the continental United States harbor OPPP (Feazel et al. 2009 ). Combined with the likely possibility that pressurized running water sloughs and aerosolizes microbe-containing biofilms, there is the potential to inhale bacteria-laden water droplets (Telgmann, Horn and Morgenroth 2004; Falkinham et al. 2008; Kasperbauer and Daley 2008; Schoen and Ashbolt 2011; Thomson et al. 2013) . This notion is supported by the finding that shower mist contains L. pnuemophila and P. aeruginosa (Bollin et al. 1985; Perkins et al. 2009 ). Studies also show a substantial proportion of the NTM isolates recovered from patients and their household plumbing are clonally related, if not identical based on DNA fingerprinting (De Groote et al. 2006; Feazel et al. 2009; Falkinham 2011) . High concentrations of NTM found on ejected water aerosols are efficient vehicles to transmit the organisms into the lungs (Wendt et al. 1980; Parker et al. 1983) . Thus, showering may be an underrecognized source of opportunistic infections.
Showerhead colonization by OPPP is impacted by environmental temperature, humidity, water chemistry and material composition. Environmental NTM have been shown to grow over a wide range of temperatures and pHs (Falkinham 2002) . While chlorine is used to reduce coliforms in potable water, there is evidence that by reducing competition, chlorine enhances the growth of chlorine-resistant OPPP (Wang et al. 2012) . Organic carbon concentrations also increase the growth of NTM (Falkinham, Norton and LeChevallier 2001) . In addition, showerhead surfaces are commonly lined with steel, polyvinyl chloride or plasticmaterials shown to increase biofilm formation (Mullis and Falkinham 2013) .
The emergence of OPPP as costly, water-borne pathogens drives the need to better understand the microbial diversity of showerhead biofilms. Based on a study examining a 10-year period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) ) of patient's age ≥ 65 years old who had Medicare Part B insurance, Hawai'i was found to have the highest NTM prevalence rate in the nation at 396 cases per 100 000 persons (Adjemian et al. 2012) . In contrast, the NTM prevalence rate was approximately 100-150 cases per 100 000 persons in a colder and more arid climate state like Colorado (Adjemian et al. 2012) . The aims of this study were 2-fold. First, standard microbiological assessments were used to prospectively compare the microbial diversity that is present in pre-existing showerheads and that develops on newly fitted showerheads in Hawai'i and Colorado. The basic chemistry of the showerhead water was also examined to determine whether microbial growth was associated with particular water characteristics. Second, to provide an introduction to scientific research, high school teachers/advisors and their highly motivated students were recruited to execute this investigation.
MATERIALS AND METHODS

Study design
Students from three different high schools-two on Oahu, Hawai'i and one in Denver, Colorado-assisted with showerhead sampling. In total, eight students (n = 4 at Island Pacific Academy and n = 4 at Standley Lake High School) of whom seven were enrolled in the International Baccalaureate Program, separately collected biofilm swabs and conducted water quality assessments in their homes of a pre-existing showerhead, two new chrome-plated and one new plastic showerhead. An additional water quality assessment was conducted of showerhead water by a ninth student at 'Iolani School (Table S1 , Supporting Information). To determine the temporal colonization of microbes in Hawai'i and Colorado, showerhead biofilms were sampled on the same day every month for nine consecutive months (Fig. S1 , Supporting Information).
Marking and swabbing the showerhead for systematic sampling
To ensure biofilm sampling was consistent between the different showerheads, a standardized labeling method was used. Briefly, the showerhead was removed from its water source (Fig. S2A , Supporting Information) and with the backside of the showerhead facing the investigator, an arbitrary point was identified as '12 o'clock' as that of a clock face. The remaining parts of the showerhead were marked at the 3 o'clock, 6 o'clock and 9 o'clock positions (Fig. S2B , Supporting Information). On November 5 (start date), each student detached a dry showerhead from its water source and sampled at the 12 o'clock spot. The inner surface of the showerheads was sampled by placing a sterile cotton-tipped swab at the showerhead's edge and the swab was carefully moved 'inward' about one inch and repeatedly moved back and forth on the showerhead surface four to five times. At monthly intervals, the 3 o'clock, 6 o'clock, 9 o'clock, 1 o'clock, etc. positions were swabbed.
Inoculation of microbiological culture media using showerhead biofilm swabs
The showerhead biofilm swabs were streaked onto two different types of microbiological culture media. Luria Bertani (LB) agar was used as a general-purpose medium for the routine cultivation of not particularly fastidious microorganisms, providing an overall assessment of microbial diversity. To facilitate the growth of NTM, Middlebrook 7H10 agar was used. After inoculation, LB plates were incubated for 16-24 hours at 37
• C and images were taken of the plates; 7H10 plates were incubated at 37
• C for a minimum of 14 days after which images were taken.
Commercial test strips to measure the quality of showerhead water
The pH, total alkalinity, total hardness and chlorine levels of the showerhead water were measured using an all-in-one test strip according to manufacturer's instructions (Hach; #27552-50). Commercial test strips were also used to measure the levels of nitrate (Hach; #27454-25), zinc (Grainger; #3UCY5) and total iron (Hach; #27453-25) from showerhead water. After using the test strips, the hot tap of the shower was turned on for several minutes and the temperature was also measured.
Humidity levels
Humidity levels for the sampling dates were retrieved from Weather Underground under the historical weather tab. After inputting the desired dates and locations and scrolling down to the moisture section, the average humidity data was retrieved and recorded.
Statistical analyses
Statistical analyses were performed using GraphPad Prism Software 6.0 for MAC. Water quality assessments were conducted on nine total showerhead water samples (n = 5 from Hawai'i and n = 4 from Colorado). For each sample month, the means were plotted and unpaired t-test with a significance level of 0.05 was used to determine statistical significance of the mean water characteristic for the entire nine-month period for the Hawai'i and Colorado showerhead water.
RESULTS
Greater diversity and number of microbes from a pre-existing showerhead in Hawai'i
Over the nine-month sampling period, a pre-existing showerhead in Hawai'i showed a great array of colony sizes, shapes and colors on LB and 7H10 agar ( Fig. 1A and B) . In contrast, microbe recovery was sparse on LB agar from the pre-existing Colorado showerhead biofilm (Fig. 1C ), but more growth was observed on the 7H10 plates with yellow-colored colonies in plates inoculated in December and in February through April; in May, red-colored colonies were observed with the yellow colonies (Fig. 1D ). The relative abundance of colonies observed in both states was also estimated (Table 1) .
Greater diversity and number of microbes from new, chrome-plated showerheads in Hawai'i
Some OPPP attach to metal surfaces, serving as biofilm pioneers and populating habitats that metallo-sensitive microorganisms cannot (Cook 2010; Falkinham 2010) . Thus, the temporal colonization by microbes on new, chrome-plated showerheads was also investigated. In homes, pre-existing showerheads in Hawai'i and Colorado were replaced with new, chrome-plated showerheads. In both locations, the new showerheads were relatively sterile at the time of installation as evinced by trace microbial growth on all November plates (Fig. 2) . The biofilm samples taken from the new, chrome-plated showerhead installed in the Hawai'i household exhibited diverse ( Fig. 2A and B) and abundant (Table 1 ) microbial growth on both LB and 7H10 plates from December to July. Across the sampling months, the chrome-plated Colorado showerhead showed very little microbial growth on either LB or 7H10 medium ( Fig. 2C and D ; Table 1 ). This marked difference in microbial growth in Hawai'i and Colorado on new, chrome-plated showerheads was validated in different households in each of the two states ( Fig. 3A and B vs C and D; Table 1 ).
Greater diversity and number of microbes from new, plastic showerhead in Hawai'i
Previous work suggests that OPPP like NTM adhere to the surface of plastic showerheads due to the high hydrophobic content in the bacterial cell wall (Schulze-Robbecke, Janning and Fischeder 1992). To determine the temporal colonization of microbes on the inner surface of plastic showerheads, pre-existing showerheads in Hawai'i and Colorado were replaced with new plastic showerheads. Very little, if any, microbial growth was observed on the plastic showerheads in the first month ( Fig. 4 were observed on the new, plastic showerhead in Hawai'i. The first colony type was off-white with lobulated margins found on the LB plates from January, February and April (Fig. 4 A) . Similar but larger size colonies were also noted on the 7H10 plates from these same months (Fig. 4B) . The 7H10 plate from April also contained small, pink colonies. The third type of colony consisted of a microbial lawn that covered nearly half of the surfaces of the LB plate from December as well as the LB and 7H10 plates from March and May. The new plastic Colorado showerhead showed little microbial growth on the LB agar plates over the study period ( Fig. 4C ; Table 1 ). With the exception of two large irregularly shaped white and orange colonies on the March and April plates, respectively, and the mold-like growth observed in July, the Colorado 7H10 plates showed little microbial growth (Fig. 4D ). Of note, while much fewer microbes were observed on either plastic or chrome-plated showerheads in Colorado than Hawai'i, fewer microbes were recovered from the plastic showerhead in Hawai'i than the chrome-plated showerheads (Table 1) .
Humidity levels in Hawai'i and Colorado on the days of sampling
Elevated ambient humidity may contribute to microbial growth on biofilms (Eggleston 2003) . To determine whether humidity levels varied over the study period, the average relative humidity on the fifth day of each study month in Hawai'i and Colorado was plotted as a function of time (Fig. 5A) . Overall, nine-month humidity levels remained consistent in Hawai'i. In contrast, Colorado was less humid than Hawai'i in the first six months of the sampling period with a sharp increase to levels higher than Hawai'i in May and June.
Characteristics of showerhead water
To determine whether the greater microbial colonization in the showerhead biofilms in Hawai'i compared to Colorado is associated with differences in water chemistry, commercially available test strips were used to measure a variety of water characteristics from the showerheads in Hawai'i and Colorado. No significant difference was found between the mean hot water temperature, total alkalinity, total iron, zinc and nitrate for each of the nine months tested between showerhead water in Hawai'i and Colorado (Fig. S3 , Supporting Information). In contrast, the mean pH for the entire nine-month period for the Hawai'i showerhead water was significantly lower (pH = 6.9) than the mean pH for Colorado water (pH = 7.4) ( * * * * P < 0.0001) (Fig. 5B) . Similarly, the mean chlorine level for Hawai'i showerhead water over the test period (0.23 ppm) was significantly lower than Colorado (0.61 ppm) ( Over the nine-month study period, commercial test strips were used to measure the (B) pH, (C) total chlorine and (D) total hardness of water from the Hawai'i (square) and Colorado (circle) showerheads.
Reflections from students and their teacher/advisors on study participation
Recent biology education recommendations underscore the importance of early exposure to research as a means to increase the number and quality of biology majors (Gasper and Gardner 2013) . Based on our informal post-study feedback, the research project was opined to be a confidence-boosting opportunity to work outside of school studies as well as learn aseptic techniques and other critical microbiological procedures, acquire new knowledge about environmental microbes that can impact human health and enhance critical thinking. Moreover, one of the students already presented his work at a local science by guest on February 5, 2016
http://femsle.oxfordjournals.org/ Downloaded from symposia and another became a leader in his class by demonstrating to other students how to use equipment and conduct similar measures, demonstrating student leadership, science enthusiasm and exposures to the possibilities of independent scientific research. Indeed, all students recognized the usefulness and applicability of this experience as they pursue biomedical disciplines in their future undergraduate careers. Similarly, the teachers/advisors of the student participants were asked to provide commentary on how this project impacted the scientific atmosphere and excellence at their high schools. Common themes included the exceptional opportunity for their students to investigate problems on the edge of current scientific discovery, hands-on research opportunities to test novel hypotheses, and national recognition highlighting their exceptional students.
DISCUSSION
Infections caused by OPPP are due to exposures to environmental niches occupied by both humans and microbes. For susceptible individuals, exposure to water aerosols colonized with OPPP released from showerhead biofilms may be an important risk factor for infection. NTM are OPPP of particular importance since lung diseases caused by them are encountered with increasing frequency by clinicians in the USA and other parts of the world (Griffith 2010) . Among the 50 states, Hawai'i has the highest prevalence of NTM lung disease. Although we did not particularly test for any particular OPPP, our study represents the first description and assessment of the temporal colonization of microbes on pre-existing and newly fitted showerheads within this particular geographic area. Using standard microbiological culture methods, showerhead biofilms in Hawai'i were found to contain greater diversity and abundance of microbes than showerheads in Colorado. Microbes also consistently colonized new showerheads in Hawai'i within one month after installation whereas the new Colorado showerheads remained relatively devoid of microbes. Even when humidity increased in Colorado, there was no additional evidence of microbes. In addition, the water pH and total chlorine levels were significantly lower and water hardness was significantly greater in the water emanating from Hawai'i compared to Colorado.
A variety of factors likely contribute to the observed differences in microbial diversity of showerhead biofilms. First, the warmer and more humid environment of Hawai'i could contribute to greater colonization on the Hawai'i showerheads. Indeed, a previous study postulated that the warm temperatures and high humidity of Brisbane, Australia allow NTM to preferentially colonize household bathrooms (Thomson et al. 2013) . Second, the composition of the water flowing through the showerhead may affect microbial diversity. Rarely are NTM found in waters with high salinity or high alkalinity (Falkinham 2013) . Perhaps the greater alkalinity in the Colorado water played a role in lesser colonization of bacteria. These findings align with a report showing an association of NTM with warmer temperatures and low pH of environmental water, soils and aerosols (Kirschner et al. 1992) . Third, the type of showerhead surface may influence biofilm formation. While microbes readily colonized both the new chrome-plated and plastic showerheads in Hawai'i, the chrome-plated showerheads qualitatively showed more microbes, suggesting chrome surfaces are more amenable to biofilm formation than plastic surfaces. Hawai'i also showed greater diversity and abundance of microorganisms with lower total chlorine levels although it is important to note that OPPP like NTM are relatively resistant to chlorine. Finally, the greater water hardness in Hawai'i-an indication of higher calcium and higher magnesium levels-may also contribute to greater microbial diversity and number since mineral deposition inside pipes may serve as a well-adherent substrate for biofilm formation.
There are several limitations to this work. Since this study was conducted during a select time of the year, we do not know whether microbial diversity on the showerhead surface changes or becomes more consistent in the months of August to October. Based on the data collected, it is likely the trend of enhanced microbial growth in Hawai'i will also be present in these months. Although identification of the showerhead microbes down to genus and species level was beyond the scope of this study, partial or whole gene-sequencing technologies would be useful to definitively identify the microbes in these changing biofilms. Once individual species of bacteria are identified, future studies should test whether changes in pH, chlorine and water hardness independently impact the growth of OPPP on chrome-plated and plastic surfaces.
We conclude that a greater diversity and number of microbes and more rapid colonization of showerhead biofilms occurred in Hawai'i compared to Colorado. Based on this information, individuals living in tropical areas like Hawai'i and who are vulnerable to OPPP infections should consider replacing their preexisting showerhead with new, inexpensive plastic ones and/or disinfecting their existing chrome-plated showerheads on a regular basis. From an educational perspective, high school students were exposed to the rigors of research; their experiences included reading and understanding published scientific literature, field sampling, culturing of microbes, and helping to articulate their results into a publication-worthy manuscript. For the researchers involved on this study, it was rewarding and exciting to see both high school students and teachers engaged in our research program and revere their attention to detail and dedication to the project. Due to their hands and on-the-ground pursuits, we know much more about the resident showerhead microbes and their biology in Hawai'i and Colorado and advance the field one step further to understanding OPPP in these diverse geographic locations.
